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SECTION 1

INTRODUCTION

This study, in response to contract item A007 , “Landing and
Takeoff Roll-Out Augmentation, ” wag performed to review the possibility
of increasing the accuracy and performance of roll-out guidance systems.
Parameters such as groundspeed CV) and desensitized beam (_

~~ 
were

to be considered available to help provide desirable closure Ro
performance on the beam centerline considering rang e C R)  and groundspeed
conditions during landing and takeoff at groundepeeds of over 80 knots..

The feasibility of automatic gr ound roll control at lower speeds
where the rudder is ineffective , through the use of nosewheel steering , was
also to be considered.

The, system control laws evaluated for the rudde r control
portion are tabulated below:

1) Present System : ‘
~r = ~~~~ + K~~4)

2) M o d I :  
~r K Vo R + K ~)

~~~V Ro~

3) Mod 2: 
~ r ‘S1 v~~

2 
,~~~~~~~ + K Vo ~

V ,  Ro~ v

4) Mod 3: 
~r ’ [K~~~ + K~~~} (2~2.)

~IIIIiIIl*l.LLl~.~FL _ — - _ , _———-— —-- - ——— •— ——— - 
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SECTION 2

DISCUSSION

1. Roll-Out Guidance Prior to Nosewheel Engagement

a) Present Roll-Out Configuration

The present roll-out system, Figure 1, uses heading
and non-desensitized beam error and therefore its performance is a function
of groundspeed and range. Its control law can be considered to be of the form,

= K~~ 7 + K0 = K~ ~
‘+ K~ ‘1

where the parameter symbols are define d in Fi~urc 12. Thus, the use of
pure heading results in an increase in effective Y gain with decreasing ground-
speed and the use of non-desensitized beam error results in an increase in
effective Y gain due to a reduction in range (beam convergence).

In the case of a landing, these effective gain increases tend
to compensate for a decrease in rudde r effectiveness.

In the case of takeoff or touch and go , the landing beam
error gain would be excessive since the increased airspeed renders the rudde r
surface more effective. For this reason provisions have been included to
reduce the gain whenever the throttle levers are off the aft limit. However ,
this approach is not ideal since this gain adjustment is not continuous but is ,
rather , a step change.

Figure 2 shows the responses of thi s system during landings
from touchdown to 80 knots, the point at which nosewheel steering would take
over. These are responses to an initial offset in heading and crosstrack dis-
placement and also to a constant 20 knot crosswind. Because the aircraft
exhibit s a tendency to weathe rcock, or turn upwind, some steady-state down-
wind rudde r deflection is required to maintain the runway centerline . At the
touchdow n airspeed , the magnitude of this deflection is approximately equal
to that provided at touchdown by the rudder channel integrator in the runway
alignment mode. Since steady-state integration of the beam or heading term
is not fe asible in thi s mode , the rudde r surface required to counteract weather-
cocking can only be supplied at the expense of steady-state tracking errors.
If , however , the approximate rudder requirement is satisfied apriori , thusproviding an operating point about which the tracking errors may be minimized.

2
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As the airspeed decreases on the ground roll , the loss in rudder effectiveness
requires a larger surface deflection until nosewheel frictional forces become
appreciable . This require s a larger error from beam center , during roll-out ,
to command the increasing surface deflection, and is an area for improvement
in the present Roll-Out system.

b) Modification #1

The Modification #1 configuration considered herein , as
one alterna tive to the present system , utilizes desensitized beam , adjusted
as a function of groundspeed. The control law is ,

K Vo R + K ~~~= I K  Vo Y + K  Y 1r 
~~~~~ 

-

~~~~~~ I”~~
-
~-

Its responses to heading and crosstrack offsets and crosswind are shown in
Figure 3. The similarity to the nowind case is quite evide nt , which indicates
how closely the effects of range desensitization and groundapeed scheduling
cancel each other. In both cases , one can observe a considerable departure
from beam center due to a crosswind. In addition , as groundspeed decreases ,
the overall response to disturbances along the runway slows down in both cases.

The y response to rudde r ( 6 r )  is actually a function of
(velocity) sinc e yaw acceleration (

~) is proportional to 6.r V2 and t = ~~ V
Therefore , both the nominal and Mod 1 control laws ,

A • A
= K Y + K Y and 5 r = K Vo J R Y + K Y

~ V R o R

tend to cancel only one power of velocity in the numerator of the overall
displacement loop gain. This account s for the apparent system looseness
as velocity decreases.

c) Modi fication !~2

The next control law considered was ,
A • 1
& = [ K

(
Vo ) Y +  K Y J

which is simply the previous control law multi plied by a(Vo/ V) factor in an
attempt to more accurately compensate the overall y response for decreasing V.
The responses of th is  system are depicted in Figure 4. They do appear to be
somewhat fas ter  than those of Figures 1 and 2 althoug h the K and K~ gains may
have to be readjusted to improve the damping somewhat. As ti could ’be expected ,
there  has been fu rthe r improvement in the crosstrack excursion due to a
constant  crosswind.
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d) Recommended Configuration

As an approximation to the Mod 2 conf iguration , the
responses to the cont iol law

A I 1 1
+ K~ ..~~~~~ Vo = I K ?l ?? + K

*~~~ !.2
L R  

~
‘ V~~ V L i v ,

are shown in Figure 5. These responses compare favorably to those of
Figure 4 in that they retain system tightness during roll-out with some improve -
ment in darn pirg . Thi s system has an advantag e over the previous configuration
in its ease of implementation from the present system. It is the result of
multiplying the present conti ol law by a V o  factor.

V
During takeoffs , the problem of increasing beam sensitivity

with increasing rudder effectiveness is reduced by the increasing V term in the
denominator of the equation.

Figures 6 and 7 illustrate the compa ri son of the present
system with and without the additional groundspeed sche duling discussed above.
These traces represent responses to disturbances occurring duri ng roll-out ,
sometime after touch down. Considerable improvemer8t due to groundspeed
scheduling is evident in Figure 7. Specifically, Figure 7 demonstrates a
shorter capture time and less sensitivity to crosswind duri ng roll-out. Figure lB
is the better damped , since the K gain has been reduced to optimize this
configuration.

2. Roll - Out Guidance Subsequent to Nosewheel Engagement

An Automatic Nosewheel Steering configuration is shown in Figure 8.
It is applicable to airspeeds below 80 knots whe re the rudder is essentiall y
ineffective . Thi s configuration functionally corresponds to feeding the present
roll-out rudde r command signal to the nosewheel actuator with various gain
adjustments. This mode would remain in effect down to a taxi groundspeed of
roughly 50 knots.

The lateral displacement ( Y, Y) response to nosewheel ( 6 n )  is a
function of the square of velocity (V) since Y = ~ V and~ is proportional to 6~ V.
The control law , using a non-desensit ized beam , is ,

A
6 = K1 i~ + K2 ~ = K1 Y + K2 Yr V

Thereior e , the Y and Y loop gains are proportional to V2 and V2 . Since V and R
track each other closely, during Ground Roll between ~~~ V
80 and 50 knots , both te rms can be taken as direct functions of V. This function
of V yields less than a 40% change in the Y and Y loop gains . This provide s a sen-
sitivity to groundspeed t h a t  is low enoug h to provide good noaewheel steering
response during landings. Takeoffs , however , would result in an increasing Y
loop gain due to an increasing velocity and a decreasing range. This tendency
could be partly compensated by a reduction in Y gain wheneve r the throttle leve r8
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are off the aft limit . This scheme , however , would be a compromise
approach and could not yield optimum response characteristics over the 

-entire duration of the nosewheel steering mode. A more desirable approach
would incorporate range information, if available , to schedule gains more
accurately.

Figure 9 depicts responses to an initial 10 heading error and
8 ft. lateral offset occurring at 80 knots. As indicated by the responses , -

the system has recovered from both disturbances within 800 feet of runway. 
-

The simulation, for the roll-out portion above 80 knots , was
based upon a typical touch down range of 7 , 000 feet at 140 knots , linearly
decelerated at 3 knots per second, although performance would be similar forF other velocity profiles. The assumptions inherent in the equations are no -

late ral tire skid, and nose wheel off the runway. Since the castered nose gear
does provide stabilizing frictional forces after it is lowe red , the analog traces 

-
— show a wor st case , possibly icy runway conditions. Although the effect of -nose gear on the runway would alte r system response slightly from that illus-

trated , it would not seriously affe ct the choice of system gains.

The simulation of the autom atic nosewheel steering mode was
— based upon a continuation of the roll-out conditions set up above . This 

-corresponded to a range of 3, 300 feet at 80 knots decelerating to 50 knots at
2 , 200 feet. Also , no slippage was assumed between nosewheel and runway. -
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SECTION 3

CONCLUSIONS

The roll-out guidance configuration during takeoff , touch and go ,
and landing provide s closed ioop control on the runway at airspeeds down to C

taxi velocities. During crosswind landing the steady-state downwind rudde r
deflection integrated in during the BA mode is maintained on a short term
basis to provide an “operating point” about which heading and beam error signals
may be minimized. The wing s level command to aileron and runway centerline
com mand to rudde r are maintained until diseng aged by the pilot or rendered
inoperative th rough force wheel/force link steering or nosewheel steering.
The tim e interval of effective rudde r control may vary fr om 1 0 to 20 seconds
depending on initial airspeed , deceleration profile , pavement conditions , cross-
wind component , etc. At airspeeds below 80 knots where rudde r is no longer
ef fective , control is maintained through automatic nosewheel steering in the
recommended configuration.

During takeoff operation , the runway centerline is maintaine d auto-
matically throug h nosewheel steering until the indicated airspeed exceeds
80 knots. Engagement of the mode continues until rotate logic is provided by
the B/GA com puter. At aircraft rotation, the wings level mode i s latched
until 200 feet altitude while the rudder channel reverts to a yaw dampe r only
mode .

In touch and go operation , the BOG mode is in effect from touch-
down through rotation unless disengaged or overridde n by the pilot. The wings
level latch and synchronization of rudder commands at aircraft rotation is
identical to the proposed takeoff mode .

It has been shown that improvement s can be realized in the nominal
Roll-Out Guidance System accuracy, using groundspeed information. Scheduling
gains as a function of groundspeed, to compensate for changes in rudder effective-
ness , results in a faste r response and tighte r crosswind control.

The system with the best control characteristics as well as the
simplest implementation is the nominal configuration with it s gains adjusted
as inve rse functions of groundspeed , i .e . ,  K1 K2 !. • 

-

V
Figure 10 summarizes the crosswind performance of the fou r systems

investigated. The divergences listed are for a 20 knot crosswind which was
chosen as a typical example to compare the relative system performance. The
dive rgence is that which develops between the time the aircraft touche s down at
140 knots and the time at which nosewbeel steering takes over at 80 knots.
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Since no lateral tire slippag e is considered to exist , any further divergence ,due to crosswinds afte r r~osewheel eng agement , can be neglected.

The latte r system, using ,

- 

~ r [K~~~~+Ic~,~~
] 

Vo

is recommended herein and it is illustrated in Figure 11.
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APPENDIX I

DEVELOPMENT OF SIMULATION

1. Roll-Out_Guidance Prior to Nosewheel Engagement

The following steps were taken to adapt the 3 degrees of freedom
pe rturbation stability axis equations to a valid form for simulation of the
landing g round roll aerodynamics.

a) Decouple and neglect the rolling degree of freedom .

b) Introduce a frictional force , f , in the yawing moment and
side force equations which represent s the force exerted by the runway surface
on the collective main gear , perpe ndicular to the aircraft referenc e line. Since
the yawing moment equation is written about the aircraft  c . g .,  the frictional 

Cterm appears with a moment arm , d, equal to the distance between the nominal
c. g. location and effective main gear center , approximately 5 feet for the air-
craft in que stion. The effect of frictional forces on the nose gear has been
neg lected.

c) Combine the yawing moment and side force equations to
eliminate the frictional force.

d) To allow for a variable velocity profile , convert the equation
with dimensional (veloc ity dependent) coefficients to one containing non-dimen-
sional (velocity independent ) coefficients.

e) Generate a velocity profile that is typical of the decelerating Caircraft.
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r

/

PARAMETER SY MBOL UNITS DEFINE D PC~~ITIVE

Nosewheel Deflection 6 N Degrees Turn Left
Rudde r Deflection 6R Degrees Left Rudde r
Beatn ~~rror Deg rees Pla ne Ri ght of Beam
Heading Error  11.0 Degrees Nose Right of Runway
Side slip Degrees Relative Wind from Ri~~t
Late ral Displacement Y Feet C.G. Right of Runway
Crosstrack Velocity Y Ft. /Sec. C.G. Moving Ri ght of Runway
Ground Speed V Ft. /Sec. Fo rward
Cross Wind Velocity V

~ 
Ft. /Sec. Wind from Right of Runway

FIGURE 12. LATERAL AIRCRAFT GEOMETRY
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The side force equation is:

( i )  ft. -rad./ sec. 2 = V ~ + 
~~~) + + y~~ 6R + Y~ v + f/rn

where 
~ r = ft. /sec. , y

5 = ft. /sec. Z , 
~~ v 

= rad/sec. , f = lb.

m is aircraft  mass in slugs , V is true airspeed in feet per second,
and ang les are expressed in radians.

Multiplying argum ents by 57.3 and dividing throug h by V ft. /sec.
gives:

(2)  deg ./sec. = ~, + ~ = ~x~r
* 

~ + 
~~~~ 

6R + ~ + 57.3 f/rn V

where Y * 
= deg./ sec. , y5 

* = 1/sec. , Y = Y~ = 1/sec.,r r

and all ang les are expressed in degrees.

Rearrang ing gives:

(3) 5 7 . 3 f =  mV [1~ + ~ 
~~~~ ~ 

~R
The yawing moment equation is:

C (4) rad ./sec. 2 
= 
~
, = Nr ~ + N5 6 R + N~ -~~ -~~~~~

R
where N r = 1/sec. , N~ = 1/sec. 2 . N~ = 1/sec. 2 .

a —

= slug-ft. 2 , d = ft . , and ang les are expressed in radians .

Multiplying argument s by ~7. 3 results in deg./ sec. 2 =

= N 4 ~ + N8 6 R + N~ ~ - 57.3

I z
where ang les are expressed in degrees.

Or , iearranging ,

(5) 57.3 f = 1Z iI-~’ N
r 4~ 

+ N~ ~ + NSR 
6

R J

L 
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Combining ( 3 )  and ( 5 )  and rearrang ing yields

( 6 )  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

[N 6R + ’
~~~~ Y 5 *]

Conve rting ( 6 )  to non-dimensional coefficients ,

( 7 )  ~ Cnr + rnVd 
(P~~ C~~~- 1)J  - mY4 ~~~ +

~ ~PsV~b C~ + mVd 

~Zm~ 
Cy ] + 8R ~Ps\~

2b 
Cn +

mVd p sV C~ 5 ]
Zm R

whe re the parameters C~~~, C~,, , Cn , Cy , C~ , C~, are ,
all dimensionless. The followi~ig ~ ~ 

5R 6Rvalues were used for this flight condition

Cnr = - . 1599 CYr = .4103 C~ = . 1347

~~~~ = - . 7449 C~ 5 = - . 0859 C~ 6 = . 229 2

m 4968 slugs b = 130. 8 ft. ps = 5. 786 slugs/ft.

Substituting these value s into ( 7 ) , neg lecting the A te rm and
scaling for  the analog compute r results in ,

( 8 )  10 j J =  - 6. 186 + .5017 ____ - .6357 V 2 6R

whe re V~ = V13 is airflow at right ang les to the aircraf t  refe r-
ence line .
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For the small crab angles encountered during ground roll , V
C can be introduced in the simulation as a constant valued wind across

the runway, hence , the reason for neglecting the te rm. The airspeed
term , V . was simulated as a constant decele ration of 5 ft. /sec. 2 from an
initial value of 140 knot s or 234 feet per second. No differentiation has been
made in this simulation between airspeed and groundspeed since motior. of the
aircraft  can be assumed to be orthogonal to crosswinds at all times.

Note that the weathercock derivative , C~ is a measure of the
aircraft’  s tendency to turn upwind if sufficie nt downwind rudder de-
flection is not supplied to maintain the runway centerline . To determine the
steady-state weathercock rate with zero rudde r deflection, set 4, = 5~~ = 0
in equation (8) to obtain 

~
, /v,~~ = . 081; (i .  e . )  the aircraft  will yaw

at a rate of .14 degrees per sceond per knot of crosswind assuming no nose-
wheel resistance or lateral tire skid.

To determine rudder required to maintain the runway centerline,
set 4, = = 0 to obtain = 50.17 V~~/ .6357 V , or for the initial 234 ft. /sec.
airspeed, SR/V W = .3346; (i.e.) approximately 14 degrees of rudder Is
required for a 25 knot crosswind.

Because of the assumptions involving frictional forces and the
omission of aileron and nosewheel effectiveness, the equations outlined above
are not expected to define the exact short term aircraft  dynamics on the ground
roll. Howeve r , the simulation was accurate enoug h to aid in the determination
of the course and beam er ror  system gains required to hold runway center.

2. Roll-Out Subseque nt to Nosewheel Engagement

Af ter nosewheel engage , the aircraft motion can be described by
the following equation:

) = - \T~~~ 5~~ - 
— 

V 5 ~
dn d~

where: dn = distance from nosewheel to main landing gear

V groundspeed

= nosewbeel deflection , positive left

t 
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APPEN DIX II

LIST OF SYMBOLS, ABBREVIA TIONS

Aileron deflection, degrees
Rudde r deflection , degrees

ST Throttle position , degrees

17 Localizer beam error

Roll ang le , degrees

Roll command, degrees

4.. Runway heading error  ( PSC), degrees

~A Side slip angle , degrees

Drift  ang le , degrees

~ + Cross track angle , degrees

Frequency, radians per second

Damping factor

Time constant, seconds

Microamperes

ADI Attitude director indicator

AFCS Automatic flight control system -

A LEC Advanced lateral experimenta l computer

AP , A/P Autopilot , autopilot engaged

CA Coupling armed

DA - Dr i f t  ang le

DEG Degrees

DISC Disconnect

ENG Engage
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LIST OF SYMBOLS, ABBREVIATIONS

. (Continued)

FR Rudder fo rce , pounds

Fw Roll wheel force , pounds

FD, F/D Flight direc tor

FTCM Full time command modifier

( GA Go-around

GS Glide Slope
h Altitude, feet

HDG Heading mode

ILS Instrument landing system
INU Inertial navigation unit

K Gain or relay designation

Kt Knot , nautical mile per hour

LOG Localizer

PB-ZOD Autopilot designation

PSC Preset course

R /GA Rotate/Go-around

RA Runway alignment prior to touchdown

RFDC Roll flight director coupled

ROG Roll out guidance

ROT Rotate

S Laplace variable

ST Strut logic

SYNC Synchronize
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- LIST OF SYMBOLS AND ABBREVIATIONS

(Continued)

- 

TG Touch and go
-
. 

TO Takeoff
- TRK Track

U Indicated airspeed, knots -

V
A Axial velocity of main gear

V
G 

Total ground speed
- 

- 

V
~ 

Total wind velocity with respect to ground

- Y Distance from aircraft c. g. to runway centerline, feet

t Cross track velocity , feet per second
WL Wings level

w/o Washout

k -

- 
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